Endoplasmic reticulum protein 29 (ERp29) is an ER luminal protein that has a role in protein unfolding and secretion, but its role in cancer is unclear. Recently, we reported that overexpression of ERp29 significantly inhibited cell proliferation and prevented tumorigenesis in highly proliferative MDA-MB-231 breast cancer cells. Here, we show that ERp29-induced cancer cell growth arrest is modulated by the interplay between the concomitant phosphorylation of p38 and upregulation of the inhibitor of the interferon-induced, double-stranded RNA-activated protein kinase, p58
indicate a pivotal role of ERp29 in inducing cell growth arrest and cell survival. However, the detailed mechanisms involved remain unknown.
Mechanistic studies in human squamous carcinoma cells have established a close correlation of cell growth arrest with the urokinase plasminogen activator receptor (uPAR), b1-integrin, epidermal growth factor receptor (EGFR), extracellular signal-regulated kinase (ERK) and p38 activities. [10] [11] [12] [13] Two important pathways affected by the uPAR-b 1 -integrin-EGFR ternary complex include focal adhesion kinase (FAK)/phosphorylated-ERK (p-ERK) and cell division cycle 42 (Cdc42)/phosphorylated-p38 (p-p38). 14 Activation of FAK/p-ERK facilitates cell proliferation and tumorigenesis, whereas activation of Cdc42/p-p38 promotes G 0 /G 1 arrest (Figure 1 ). 14 The uPAR is defined to be a central regulator of the balance between p38 and ERK activation as downregulation of uPAR favors p38 activation over ERK to inhibit tumor cell proliferation. 13, 15, 16 In addition, activating transcription factor 6a (ATF6a)-Rheb-mTOR signaling, regulated in part by p38, was found to be essential in maintaining cell survival of quiescent, but not proliferative, squamous carcinoma cells. 17 Tumor cell growth arrest and survival have also been mechanistically linked to ER stress signaling. 18 Accumulation of misfolded/unfolded proteins in the ER lumen results in ER stress and subsequently initiates an integrated signal transduction pathway known as the unfolded protein response (UPR) to ameliorate the protein load on the ER. 19, 20 The UPR is mediated by at least three ER proximal sensors: interferon-induced, double-stranded RNA-activated protein kinase (PKR)-related ER kinase (PERK), inositol requiring enzyme-1 (IRE-1) and ATF6. 21, 22 PERK is a serine/threonine kinase that phosphorylates eukaryotic translation-initiation factor 2a (eIF2a) at Ser-51 upon stress and consequently attenuates global protein translation and induces G 0 /G 1 arrest. 23 The role of p38 activation in attenuating cell growth by regulating the PERK/p-eIF2a pathway has been established in human squamous carcinoma cells. 18, 24 The mechanistic link between ER stress and tumor cell growth arrest through p38 activation suggests an important role of p38-regulated networks in modulating tumor cell quiescence, survival and apoptosis. 18, 24, 25 Hence, cells may coordinate growth arrest and survival signals by activating ER stress, leading to resistance to stress-induced death ( Figure 1) .
In this study, we report a molecular mechanism by which ERp29 inhibits cell proliferation and induces cell survival. We demonstrate that the expression of uPAR-b1-integrin-EGFR and its downstream FAK/p-ERK are significantly decreased, whereas p38a is highly phosphorylated in ERp29-overexpressing MDA-MB-231 cells. Activation of p38a downregulates cyclin D 2 and upregulates p15 and p21, which probably mediates the G 0 /G 1 arrest observed in our previous studies. 6 Furthermore, we show that p38a activation by ERp29 negatively regulates the expression of basal eIF2a, whereas upregulation of p58 IPK inhibits phosphorylation of eIF2a and downstream ATF4/CHOP/caspase-3 pro-apoptotic signaling. Thus, for the first time, our results demonstrate that concomitant p38a activation and upregulation of p58 IPK and the interplay between these molecules are central in sustaining ERp29-induced cell growth arrest and survival.
MATERIALS AND METHODS Reagents
The inhibitor of p-p38 kinase activity, SB203580, was purchased from Calbiochem (San Diego, CA). Complete, EDTAfree protease inhibitor cocktail tablets were obtained from Roche Diagnostics (Indianapolis, IN) and phosphatase cocktail inhibitors I and II were from Sigma-Aldrich (St Louis, MO). Geneticin sulfate (G418) and Lipofectamine 2000 transfection reagent were supplied from Invitrogen (Eugene, OR).
Antibodies
The following antibodies were used in this study: mouse anti-human uPAR (Cat. No. DY807) from R&D Systems (Minneapolis, MN); rabbit anti-human EGFR ( Wafi/Cip1 Figure 1 Regulation of tumor cell growth arrest by uPAR-b1-integrin-EGFR and p38. Loss of the ternary complex formed by the urokinase plasminogen activator receptor (uPAR), b1-integrin and epidermal growth factor receptor (EGFR) results in activation of p38 and inhibition of focal adhesion kinase (FAK)/phosphorylated extracellular signal-regulated kinase (p-ERK). Activated p38 enhances phosphorylated PKR-like endoplasmic reticulum kinase (p-PERK)/phosphorylated eukaryotic translation-initiation factor 2a (p-eIF2a) signaling to induce cell-cycle arrest and drug resistance. Cell Culture MDA-MB-231 and MCF-7 breast cancer cell lines were purchased from the American Type Culture Collection (ATCC, Manassas, VA) and maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS, Invitrogen).
MDA-MB-231 cells transfected with pcDNA/ERp29 or pcDNA, and MCF-7 cells transfected with shRNA/ERp29 or scrambled control shRNA were generated as described previously. 6 All transfected cells were maintained in DMEM supplemented with 10% FBS and G418 (Invitrogen; 2 mg/ml for MDA-MB-231 transfectants, or 1 mg/ml for MCF-7 transfectants). Cells were cultured at 371C in a 5% CO 2 /95% air atmosphere in a humidified incubator.
Treatment with a Pharmacological Inhibitor of p-p38
Kinase Activity Cells were seeded (5 Â 10 5 /well) in 6-well plates and incubated at 371C in the CO 2 incubator described above. When cells reached B70% confluence, these cultures were treated with SB203580 (40 mM) or control medium containing the same final concentration of dimethyl sulfoxide (DMSO) used to dissolve this inhibitor (ie, 0.1%), as described previously. 26 After a 24 h/371C incubation, cells were collected and total protein was extracted for western blot analysis.
RNA Interference and Transfection
Small-interfering RNAs (siRNAs) against p58 IPK and the scrambled control siRNA (Cell Signaling Technology) were used for gene-knockdown studies according to standard procedures, as described previously. 9 Cells at B70% confluence were transfected with siRNA (100 nM) using Lipofectamine 2000 transfection reagent (Invitrogen) according to the manufacturer's instructions. Thereafter, 24 or 48 h after transfection, cells were harvested for western blot analysis.
Cell Viability Assay
Cell viability was analyzed using the 3-(4-5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-phenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt (MTS) assay kit (Promega Corporation, Madison, WI) according to the manufacturer's instructions. In brief, cells (5 Â 10 5 cells/well) were seeded in 6-well plates. Cells at B70% confluence were treated with p58 IPK /siRNA or control siRNA for 24 h/371C and cell viability was assessed. In other experiments, these siRNA-treated cells were further treated with doxorubicin (200 nM) or control medium containing DMSO (ie, 0.1% v/v) for 24 h/371C. Cell viability was then assessed through incubation with MTS solution for 4 h/371C, and the absorbance of formazan at 492 nm was measured using an Infinite F200 microplate reader (TECAN Austria GmbH, Grodig, Austria). The absorbance of cells treated with scrambled siRNA was defined as 100% survival (control), and the remaining data were expressed as a percentage of this control. Viable cell counts using Trypan blue validated the results obtained with MTS.
Western Blot Analysis
Western blotting was performed by a standard protocol, as described previously. 6, 9, 26 In brief, cell lysates were extracted with radio-immunoprecipitation buffer (1% Igepal, 1% sodium deoxycholate, 0.15 M sodium chloride, 0.01 M SDS, pH 7.2 and 2 mM EDTA), supplemented with protease inhibitors (Roche Diagnostics) and phosphatase cocktail inhibitors I and II (1:100, Sigma-Aldrich). Cell lysates were centrifuged at 13 000 Â g for 20 min/41C and the protein-containing supernatant was collected. Total proteins (50 mg/lane) were separated by 10% SDS-PAGE and transferred onto PVDF membranes. Membranes were blocked with 5% skim milk in Tris-buffered saline buffer with 0.1% Tween 20 for 1 h at room temperature and probed with the indicated primary antibodies. Goat anti-mouse horseradish peroxidase (HRP; Cat. No. 12-349; Upstate Biotechnology, Lake Placid, NY) or goat anti-rabbit HRP secondary antibody (Cat. No. 62-1820; ZyMED Laboratories, San Francisco, CA) was used as secondary antibodies. The chemiluminescent signal was developed with Supersignal West Pico Chemiluminescent Substrate (Pierce, Rockford, IL). Signal intensity was analyzed using GeneTools software (Syngene, Frederick, MD). The level of b-actin was used as a loading control and was not altered under any of the conditions used.
Zymography
Cells at B70% confluence were washed twice with PBS buffer (pH 7.4) and then incubated with serum-free DMEM for 48 h/371C. The conditioned medium was collected and centrifuged at 3000 Â g/15 min/41C to remove cell debris. The supernatant was concentrated 80-100-fold using a Biomax Ultrafree Centrifugal Filter Unit (Millipore, Bedford, MA) with a 10-kDa pore diameter cutoff. The total secreted proteins (50 mg) were mixed with SDS sample buffer in the absence of reducing agents and resolved in 7.5% polyacrylamide gels containing 0.1% gelatin under non-reducing conditions. Matrix metalloproteinase (MMP) activity was assessed by gelatin zymography. 27 In brief, gels were washed for 1 h at room temperature with 50 mM Tris-HCl buffer (pH 7.5) containing 2.5% (v/v) Triton X-100 and 5 mM CaCl 2 and then washed extensively with Milli-Q water. After removing SDS, gels were further incubated overnight at 371C in digestion buffer (50 mM Tris, pH 7.5, 5 mM CaCl 2 , 0.1 mM ZnCl 2 , 150 mM NaCl) to allow proteolysis of the 6 Mechanistic studies at the mRNA level revealed downregulation of uPAR, b 1 -integrin and EGFR in ERp29-induced MDA-MB-231 dormant-like cells. 6 In this study, immunoblotting analysis has further demonstrated a marked and significant (Po0.001) decrease in protein expression of uPAR, b 1 -integrin and EGFR in these dormant-like cells (clones B and E) relative to empty vectortransfected control cells (Ctrl; Figure 2a ).
Notably, uPAR is an important membrane receptor in regulating both cell growth and invasion. 28, 29 Its expression is highly regulated by the v-ets erythroblastosis virus E26 oncogene homolog 1 (Ets-1) in invasive breast cancer cells. 30 Here, we have shown that Ets-1 was significantly (Po0.01) downregulated by ERp29 (Figure 2a ), further supporting a mechanistic link of ERp29 in attenuating uPAR in these slowly proliferating ERp29-transfected cells. Given that activation or loss of the uPAR-b 1 -integrin-EGFR complex decides the fate of the cell between proliferation and growth arrest (Figure 1 ), we further investigated whether ERp29-mediated cell growth arrest in MDA-MB-231 cells was associated with the interruption of downstream signaling regulated by this complex.
Overexpression of ERp29 Activates p38 Phosphorylation and Decreases FAK Expression and MMP-9 Secretion
Phosphorylation of ERK (p-ERK) was significantly inhibited in ERp29-overexpressing MDA-MB-231 cells. 6 Here, we also show that FAK expression and phosphorylation were significantly (Po0.01) reduced by B2.5-and B3.2-fold in these cells compared with vector-transfected MDA-MB-231 control cells (Figure 2b ). In parallel, the level of phosphorylation of p38 was significantly (Po0.001) enhanced by B9-10-fold, whereas the expression of basal p38a was significantly (Po0.001) decreased in ERp29-overexpressing MDA-MB-23 cells (Figure 2b ). The role of ERp29 in regulating p38 expression and phosphorylation was further verified in MCF-7 cells, which show a dormant-like state in three-dimensional cell cultures. 31 As shown in Figure 2c , knockdown of ERp29 resulted in a significant reduction of p-p38 (3-fold, Po0.01) and upregulation (1.8-fold, Po0.05) of basal p38a. Furthermore, ERp29 knockdown in MCF-7 cells significantly increased FAK expression (B2.3-fold, Po0.01) and phosphorylation (B2.9-fold, Po0.01) relative to these cells treated with scrambled control shRNA (shCtrl; Figure 2c ). Consistent with the studies that inhibition of FAK led to cell dormancy in human squamous carcinoma cells, 32 these data indicate that knockdown of ERp29 could enhance cell proliferation by activating FAK, as we have previously shown in ERp29-knockdown MCF-7 cells. 6 Our data showed that overexpression of ERp29 led to an B2.5-fold decrease in p-ERK 6 and 9-fold increase in p-p38 ( Figure 2b ) in ERp29-transfected MDA-MB-231 cells. Given the importance of the signaling balance between p38 and ERK activation in deciding cell fate, eg, proliferation and growth arrest, 14 these findings above indicate that overexpression of ERp29 in MDA-MB-231 cells markedly interrupts this signaling balance, leading to induction of cell growth arrest ( Figure 1 ).
It has been reported that MMPs are important downstream molecules regulated by uPAR-b 1 -integrin, p38 and ERK signaling and have critical roles in matrix degradation and cellular invasion. 33, 34 To determine whether the reduced expression of uPAR-b 1 -integrin and increased p-p38 levels in ERp29-overexpressing MDA-MB-231 cells result in the loss of MMP activity, the latter cell type (clone B as an example) and empty vector-transfected control cells were serum starved for 48 h and the secretion of MMPs was assessed using gelatin zymography. As shown in Figure 2d , ERp29-transfected cells (clone B) showed a significant (Po0.001) 5.3-fold decrease in MMP-9 activity based on the intensity of the negatively stained band. A similar effect was also found for clone E (data not shown). However, the activity of MMP-2 was not significantly (P40.05) affected. These results further support our previous demonstration of a less invasive phenotype in ERp29-overexpressing MDA-MB-231 cells relative to these cells transfected with the empty vector. (Figure 3a) . In addition, consistent with our earlier report that cyclin D 2 mRNA levels were markedly reduced by ERp29 overexpression, 6 we demonstrated that the protein expression of cyclin D 2 was significantly (Po0.01-0.001) decreased in both clones B and E (Figure 3a) . On the other hand, knockdown of ERp29 by shRNA in MCF-7 cells relative to the scrambled control We also investigated the role of ERp29 in regulating the protein expression of p15 and p21, which were upregulated by ERp29 at the mRNA level. 6 As shown in Figure 3a , both Figure 3b ). These results further substantiate the molecular mechanisms underlying the ERp29-induced G 0 /G 1 arrest which we showed previously. 6 To further establish whether the marked increase in p38 phosphorylation was involved in ERp29-mediated upregulation of p15 and downregulation of cyclin D 2 in slowly proliferating ERp29-overexpressing MDA-MB-231 cells (clone B), these cells were treated with a specific inhibitor of p38 phosphorylation and kinase activity, namely: SB203580 (40 mM).
26,34,35 After 24 h of treatment, cells were harvested and protein expression was assessed by western blotting. As shown in Figure 3c , concurrent with a significant (Po0.001) reduction of p38 phosphorylation, cyclin D 2 was highly increased by 2.4-fold (Po0.01) in inhibitor-treated ERp29-overexpressing MDA-MB-231 cells, compared with relevant control cells, whereas the expression of p15 was highly decreased by 4-fold (Po0.01). These results indicate that p38 phosphorylation is critical in modulating the expression of these check-point proteins in cells subjected to ERp29-induced G 0 /G 1 arrest. 6 
Activation of p38 Inhibits Basal eIF2a Expression
It has been demonstrated that activated p38 functionally links ER stress signaling in modulating cell dormancy, survival and ERp29 induces cancer cell growth arrest and survival D Gao et al apoptosis. 18 Moreover, inactivation of eIF2a by phosphorylation induces G 0 /G 1 arrest and cell survival by blocking cyclin D 1 /D 2 translation/stability. 23 Our current studies (Figure 4a , left immunoblot panel) revealed that overexpression of ERp29 in MDA-MB-231 cells (clone B) significantly (Po0.01) inhibited the expression of both p-eIF2a and eIF2a. This is further supported by experiments demonstrating that knockdown of ERp29 in MCF-7 cells significantly (Po0.05) increased the expression of both p-eIF2a and eIF2a relative to cells treated with the scrambled control (Figure 4a, right immunoblot panel) . These data demonstrate that ERp29 inversely regulates the expression of basal eIF2a in these cell models. However, it is notable that overexpression of ERp29 in MDA-MB-231 cells did not markedly change the relative overall ratio of phosphorylated to basal eIF2a (p-eIF2a/eIF2a; Figure 4a , see densitometric analysis). Interestingly, the shRNA-mediated reduction of ERp29 expression in MCF-7 cells significantly (Po0.05) increased the relative phosphorylation of eIF2a (p-eIF2a/ eIF2a) by 1.8-fold (Figure 4a , see densitometric analysis), implicating the possible activation of PERK/p-eIF2a when ERp29 was knocked down. Hence, ERp29 expression could potentially attenuate activation of the PERK/p-eIF2a pathway in ERp29-overexpressing MDA-MB-231 cells.
As inhibition of p38 phosphorylation increases cyclin D 2 expression and decreases p15 levels in MDA-MB-231 cells (Figure 3c ), we next investigated the role of p38 phosphorylation in ERp29-mediated downregulation of eIF2a expression. To this end, p-p38 kinase activity was blocked for 24 h with the inhibitor, SB203580 (40 mM), in ERp29-overexpressing MDA-MB-231 cells (clone B) and in MCF-7 cells. As shown in Figure 4b (left immunoblot panel) , treatment of ERp29-overexpressing MDA-MB-231 cells (clone B) with the inhibitor resulted in a marked reduction (Po0.001) of p-eIF2a, whereas basal eIF2a was significantly (Po0.01) increased. Thus, the relative phosphorylation of eIF2a was significantly (Po0.01) reduced by 2.9-fold in inhibitor-treated clone B cells when compared with these cells treated with vehicle control (Figure 4b , see densitometric analysis).
Similar results were also observed in MCF-7 cells treated with this p-p38 kinase activity inhibitor (Figure 4b , right immunoblot panel), namely there was a significant (Po0.01) 2.8-fold increase of basal eIF2a expression and a significant (Po0.001) 6-fold reduction of the relative phosphorylation of eIF2a compared with MCF-7 cells treated with the control medium (Figure 4b , see densitometric analysis). These data suggest that p38 phosphorylation negatively regulates the Surprisingly, marked upregulation of p-p38 levels in ERp29-overexpressing MDA-MB-231 cells (clones B and E, as indicated in Figure 2b ) was unable to increase eIF2a phosphorylation (Figure 4a, left immunoblot panel) . Furthermore, reduction of p-p38 (Figure 2c ) in ERp29-knockdown MCF-7 cells was unable to decrease the relative phosphorylation of eIF2a (Figure 4a, right immunoblot panel) . Instead, the relative phosphorylation of eIF2a was significantly (Po0.05) increased (Figure 4a , see densitometric analysis). These observations indicate that other molecules may interfere with the phosphorylation of eIF2a regulated by p-p38.
ERp29-Mediated Upregulation of p58
IPK Counteracts eIF2a Phosphorylation by p-p38 Considering the apparently contradictory results above in which eIF2a phosphorylation status did not alter appropriately in response to alterations in p-p38, we then investigated the possibility that other factors functionally counteract eIF2a phosphorylation by p-p38. These factors may be concomitantly regulated by ERp29 and could be responsible for the inhibition of eIF2a phosphorylation in cells. This hypothesis was assessed in ERp29-overexpressing MDA-MB-231 cells considering our previous studies which demonstrated that ERp29 overexpression led to activation of XBP-1. 9 Indeed, one ER protein that is specifically regulated by XBP-1 is the inhibitor of the interferon-induced, doublestranded RNA-activated protein kinase, p58
IPK . 36 Of interest, p58
IPK can directly bind to PERK to inhibit PERK phosphorylation, resulting in inhibition of eIF2a phosphorylation. 37, 38 Considering the potential role of p58 IPK in eIF2a phosphorylation, we first examined p58 IPK expression in ERp29-overexpressing MDA-MB-231 cells, and second, we assessed the effect of p58 IPK on regulating eIF2a phosphorylation. As shown in Figure 5a , p58 IPK was significantly (Po0.01) (Figure 5c , right immunoblot panel), whereas basal eIF2a was not significantly affected. Consequently, this resulted in a significant (Po0.01) 2.5-fold increase in the relative phosphorylation of eIF2a vs basal eIF2a expression (Figure 5c, see densitometric analysis) . These results indicate that the upregulation of p58
IPK has an important role in inhibiting eIF2a phosphorylation in these ERp29-overexpressing slow-proliferating cells.
Effect of ERp29 on the Expression of Other ER Stress-Related Molecules
In addition to p58 IPK , we also examined the effect of ERp29 on the expression of other ER stress-related molecules. As shown in Figure 6a , the expression of basal PERK was increased by 2.4-fold (Po0.01), whereas p-PERK was only slightly increased (1.3-fold, P40.05) in ERp29-over- IPK , which binds to PERK and represses its phosphorylation. 37 Overexpression of ERp29 significantly (Po0.05) increased the expression of another ER-stress related molecule, namely BiP, by 2.9-fold in ERp29-overexpressing MDA-MB-231 cells (Figure 6b) . However, paradoxically, knockdown of ERp29 in MCF-7 cells (using shERp29) also resulted in a significant increase (Po0.001) of BiP expression (Figure 6c) . Hence, there may not be a direct mechanistic link between these two ER stress-related molecules.
Furthermore, expression of the eIF2a phosphorylationdependent transcription factor, ATF4, 37 was not markedly changed in ERp29-overexpressing MDA-MB-231 cells relative to empty vector-transfected control cells (Figure 6b ). This is probably because the relative phosphorylation of eIF2a was not significantly altered by ERp29 overexpression in MDA-MB-231 cells (Figure 4a ; see densitometric analysis). However, consistent with enhanced eIF2a phosphorylation in ERp29-knockdown MCF-7 cells (Figure 4a ; right immunoblot panel), knockdown of ERp29 in MCF-7 cells significantly (Po0.001) increased the expression of ATF4 (Figure 6c) . Collectively, these results indicate that ER-dependent pro-apoptotic signaling is markedly suppressed by ERp29 in these slowly proliferating cells.
Silencing of p58
IPK Activates the p-eIF2a/ATF4/CHOP Pathway in ERp29-Overexpressing MDA-MB-231 Cells The above data demonstrate that overexpression of ERp29 upregulates p58
IPK , leading to inhibition of eIF2a phosphorylation. Given that silencing of p58 IPK in ERp29-overexpressing MDA-MB-231 cells reactivates phosphorylation of eIF2a (Figure 5c, left immunoblot panel) , the reduction of p58 IPK expression may be responsible for the activation of the eIF2a phosphorylation-dependent ATF4/CHOP pro-apoptotic pathway. In fact, silencing of p58 IPK in ERp29-overexpressing MDA-MB-231 cells (clone B) led to a significant (Po0.01) increase of both ATF4 and CHOP expression ( In agreement with previous studies showing that p58 IPK overexpression decreased eIF2a phosphorylation-dependent expression of ATF4/CHOP, 37 our data further demonstrate that p58 IPK is a key regulator of the p-eIF2a/ATF4/CHOP pathway. Moreover, upregulation of p58 IPK seems crucial in maintaining ERp29-induced cell survival.
IPK Sensitizes Doxorubicin and Induces Cell Death Our previous studies have shown that overexpression of ERp29 in MDA-MB-231 cells markedly increased its resistance to doxorubicin, whereas knockdown of ERp29 in MCF-7 cells sensitized them to this agent. 9 Furthermore, the above data demonstrate an important role of p58 IPK in inhibiting eIF2a phosphorylation and pro-apoptotic signaling in these ERp29-overexpressing cells. Therefore, we examined whether upregulation of p58 IPK modulates ERp29-mediated cell survival and drug resistance.
To determine whether silencing of p58 IPK results in sensitivity to doxorubicin and causes cell death, ERp29-overexpressing MDA-MB-231 cells (clone B) and also MCF-7 cells were treated with p58 IPK siRNA or scrambled control siRNA for 24 h/371C, followed by a 24 h/371C treatment with doxorubicin (200 nM). The viability of these cells was then examined. As indicated in Figure 7a IPK silencing. Further studies showed that these p58 IPK siRNA-treated cells had markedly decreased cell viability than did cells treated with scrambled control siRNA (Po0.05; Figure 7b , column 3 vs 1 and column 7 vs 5). Hence, these results are consistent with the conclusion that the reduced levels of p58 IPK leads to increased apoptosis and cell death potentially through the ATF4/CHOP pro-apoptotic pathway. When these control and p58
IPK siRNA-treated cells were incubated with doxorubicin, ERp29-overexpressing MDA-MB-231 cells pre-treated with p58 IPK siRNA showed a significant (Po0.01) 3.2-fold reduction of cell viability in these slowly proliferating cells pre-treated with control siRNA (column 4 vs 2). These results suggested that silencing p58 IPK significantly sensitizes these ERp29-transfected cells to this drug. A similar effect was also observed using MCF-7 cells, in which repression of p58 IPK significantly (Po0.01) enhanced the cytotoxicity of doxorubicin, leading to an B2.5-fold decrease in cell viability compared with cells pre-treated with scrambled control siRNA (Figure 7b, column 8 vs 6) . Collectively, these results showed that silencing of p58 IPK in MCF-7 cells and ERp29-overexpressing MDA-MB-231 cells re-sensitizes them to doxorubicin by activating ATF4/CHOP/ caspase-3 pro-apoptotic signaling.
DISCUSSION
We previously reported that overexpression of ERp29 induced G 0 /G 1 arrest and inhibited tumorigenesis in breast MDA-MB-231 cancer cells. 6 In this study, we demonstrate a novel molecular mechanism underlying ERp29-induced cell growth arrest and survival.
In the slowly proliferating ERp29-overexpressing MDA-MB-231 cell model, increased ERp29 levels significantly reduced the expression of uPAR, b 1 -integrin and EGFR, which are essential players in the decision between tumor cell proliferation and growth arrest 12 ( Figure 1 ). The reduction of this complex leads to attenuation of FAK/p-ERK and activation of p38 that consequently propels proliferative tumor cells into a slowly proliferating or quiescent state by downregulating basal eIF2a expression, reducing cyclin D 2 and increasing p15 and p21 levels. Importantly, we demonstrated that upregulation of p58 IPK in ERp29 overexpressing cells has a critical role in attenuating eIF2a phosphorylation and inhibiting the ATF4/CHOP/caspase-3 pro-apoptotic pathway, leading to enhanced cell survival.
The role of the uPAR-b 1 -integrin-EGFR complex and its downstream molecules (eg, FAK and p38) in modulating tumor cell dormancy has been well described in dormant squamous tumor cell models. 10, 15, 16, 32 The current studies using breast cancer cells further support the significance of the loss of the uPAR-b 1 -integrin-EGFR complex in inhibiting tumor cell proliferation by activating p38 phosphorylation and downregulating FAK. Phosphorylation of p38 due to the loss of this complex has been demonstrated to be a central regulator of cell dormancy, survival and apoptosis. 14, 39 A significant link of p38 phosphorylation with cell-cycle arrest at the G 0 /G 1 phase and cell survival through ER stress was established by the fact that activation of p38 enhanced PERK/p-eIF2a signaling by stimulating phosphorylation of eIF2a, 24 leading to the induction of G 0 /G 1 arrest by downregulating cyclin D 1 . 22, 23 Interestingly, in our established ERp29-overexpression MDA-MB-231 cell model, 6 the expression of basal eIF2a was highly inhibited (Figure 4a , left immunoblot) without affecting its overall relative phosphorylation (see densitometry, Figure 4a ). In addition, the expression of cyclin D 2 , was significantly decreased and the cyclin-dependent kinase inhibitors, p15 and p21, were markedly increased by ERp29 overexpression (Figure 3a) . These data suggest a novel mechanism of ERp29 in driving proliferating cells into G 0 /G 1 arrest. 6 In this study, we also demonstrate a critical role of p38 phosphorylation in the ERp29-mediated inhibition of cell growth that was demonstrated by a G 0 /G 1 arrest in our previous investigation. 6 This is reflected by the fact that inhibition of p-p38 kinase activity by the pharmacological inhibitor, SB203580, in ERp29-overexpressing MDA-MB-231
ERp29 induces cancer cell growth arrest and survival D Gao et al cells increased the expression of cyclin D 2 and decreased the expression of p15 (Figure 3c ). At the same time, inhibition of p-p38 kinase increased the level of basal eIF2a (Figure 4b , left immunoblot panel), indicating the importance of p38 phosphorylation in negatively regulating basal eIF2a expression in these cell models.
c-JUN/AP-1 is one of the transcription factors regulating eIF2a expression. 40 Previous studies examining transcription factor profile analysis revealed that c-JUN/AP-1 is negatively regulated by p38 phosphorylation. 24, 41 In fact, it was found to be reduced in dormant D-HEp3 cells 25 and also in the ERp29-overexpressing MDA-MB-231 cell model. 6 The ERp29-mediated downregulation of basal eIF2a could be due to the inhibition of c-JUN by activation of p38. Collectively, our investigation demonstrates the ERp29-mediated activation of p38 negatively regulates basal eIF2a expression.
ER stress signaling is an important determinant in deciding cell dormancy, survival and autophagy. 18, 21, 42 We showed that overexpression of ERp29 in MDA-MB-231 cells leads to activation of ER stress by stimulating splicing of the transcription factor, XBP-1. 9 Enhanced phosphorylation of eIF2a is a mechanism leading to attenuation of general protein synthesis and activation of ATF4/CHOP under ER stress. 43 However, our results showed that overexpression of ERp29 is unable to increase eIF2a phosphorylation 9 ( Figure 4a ; left immunoblot panel), although p-p38 levels are markedly increased in these cells (Figure 2b) . Similarly, phosphorylation of PERK, one of the specific kinases that phosphorylate eIF2a, 23 is not significantly altered, although its basal expression is increased (Figure 6a ) in ERp29-overexpressing MDA-MB-231 cells. In these cell models, the ERp29-induced activation of p38 is unable to activate the p-PERK/p-eIF2a pathway. This may implicate that phosphorylation of PERK and its downstream eIF2a is concomitantly inhibited by other molecules, which counteract the phosphorylation exerted by its upstream kinases (eg, p-p38).
Considering this idea, we hypothesized the involvement of p58 IPK , which is a downstream effector of XBP-1 activation. 36 Indeed, in this study, we showed that p58 IPK was significantly upregulated in ERp29-overexpressing MDA-MB-231 cells. p58 IPK was originally identified as an inhibitor of PKR, which inhibits PKR function in eIF2a phosphorylation. 44, 45 Recent studies have further demonstrated that p58 IPK can interact with and inhibit PERK phosphorylation, leading to decreased phosphorylation of eIF2a. 46 In our cell models, silencing of p58 IPK stimulated eIF2a phosphorylation and activated the expression of ATF4/CHOP and also the cleavage of caspase-3 ( Figure 7a, left immunoblot panel) . This is further supported by earlier studies showing eIF2a phosphorylation-mediated, stress-induced apoptosis. 47 Therefore, upregulation of p58 IPK may facilitate cell survival under stress in ERp29-overexpressing MDA-MB-231 cells by repressing eIF2a phosphorylation. It is well known that GADD34, a downstream target of activated p-eIF2a, also inhibits eIF2a phosphorylation by a feedback loop. 48 Nevertheless, it should be noted that induction of p58 IPK is directly regulated by ATF6 or the IRE1/ XBP-1-mediated arm of the UPR and is an upstream molecule that can directly bind to PERK to inactivate PERK/peIF2a. 36, 49 Our studies showed that induction of p58 IPK by ERp29 may help to protect these slowly proliferating cells from p-p38-activated excessive ER stress by de-phosphorylating eIF2a. As such, disturbing the signaling balance of p-p38-activated p-PERK/p-eIF2a and p58
IPK -repressed p-PERK/p-eIF2a at the steady state could impair ERp29--induced growth arrest in MDA-MB-231 cells. As demonstrated, activation of the p-eIF2a/ATF4/CHOP pro-apoptotic pathway by silencing p58 IPK led to increased sensitivity of these slowly proliferating cells to doxorubicin treatment (Figure 7b) . Hence, our data indicate that p58
IPK is an important coordinator in modulating the crosstalk between ERp29-mediated ER stress and ER-dependent pro-apoptotic signaling by inhibiting eIF2a phosphorylation in ERp29-overexpressing MDA-MB-231 cells.
Breast tumor cell dormancy is a significant clinical problem in cancer treatment. Most dormant cells do not express proliferative markers and are resistant to conventional therapies (eg, doxorubicin) that target actively dividing cells. 50 In general, dormant cells are characterized by a cellcycle G 0 /G 1 arrest and/or by similar proliferative and apoptotic rates, leading to no overall gain in tumor mass. 10 The fact that overexpression of ERp29 in high proliferative MDA-MB-231 cells resulted in G 0 /G 1 arrest 6 and resistance to doxorubicin 9 suggests a potential role of ERp29 in inducing cellular dormancy. This hypothesis will be assessed in the future using the established in vitro three-dimensional cell culture system 31 and in vivo animal models 16 . Given the limited clinical accessibility to dormant tumors, establishing in vitro suitable experimental models is critical in understanding the mechanisms involved in tumor cell dormancy and distant metastasis and in developing new therapeutic strategies for the treatment of dormant cancer.
In summary, we demonstrate the molecular mechanisms underlying ERp29-induced breast cancer cell growth arrest and survival. As illustrated in Figure 8 , overexpression of ERp29 downregulates the expression of uPAR-b 1 -integrin-EGFR and subsequently activates p38 phosphorylation. Activation of p38 inhibits basal eIF2a expression, reduces cyclin D 2 and increases p15 and p21 levels, leading to cellcycle G 0 /G 1 arrest. On the other hand, upregulation of p58 IPK in ERp29-overexpressing cells suppresses the activation of p-p38/p-PERK/p-eIF2a by repressing eIF2a phosphorylation. Thus, this prevents these slowly proliferating cells from undergoing ER-dependent apoptosis driven by activation of the ATF4/CHOP/caspase-3 pathway. Consequently, the interplay between p38 phosphorylation and p58 IPK upregulation has key roles in modulating ERp29-induced cell growth arrest and survival. This new knowledge could lead to novel and effective therapies against slowly proliferating and drugresistant cancer cells, eg, by targeting p58 IPK .
ERp29 induces cancer cell growth arrest and survival D Gao et al Figure 8 Molecular mechanism of ERp29-induced cancer cell growth arrest and survival. Overexpression of ERp29 in MDA-MB-231 cells decreases expression of the uPAR-b1-integrin-EGFR ternary complex, leading to activation of p38. Phosphorylation of p38 inhibits the expression of basal eIF2a and cyclin D 2 and increases the expression of p15 and p21, thus causing the G o /G 1 arrest observed in our previous study. 6 On the other hand, overexpression of ERp29 upregulates p58 IPK by enhancing XBP-1 splicing. The upregulated p58 IPK functionally counteracts the upstream kinases of eIF2a to inhibit eIF2a phosphorylation and attenuates activation of the p-PERK/p-eIF2a pathway. Reduction of p58
IPK by siRNA leads to activation of the eIF2a phosphorylation-dependent ATF4/CHOP/cleaved caspase-3 pathway and cell apoptosis/sensitivity to doxorubicin. Hence, the interplay between the activation of p38 and upregulation of p58 IPK is a critical event for maintaining ERp29-induced growth arrest and survival.
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